Next-generation DNA sequencing (NGS) offers many benefits, but major factors limiting NGS 59 include reducing costs of: 1) start-up (i.e., doing NGS for the first time); 2) buy-in (i.e., getting 60 the smallest possible amount of data from a run); and 3) sample preparation. Reducing sample 61 preparation costs is commonly addressed, but start-up and buy-in costs are rarely addressed. We 62 present dual-indexing systems to address all three of these issues. By breaking the library 63 construction process into universal, re-usable, combinatorial components, we reduce all costs, 64 while increasing the number of samples and the variety of library types that can be combined 65 within runs. We accomplish this by extending the Illumina TruSeq dual-indexing approach to 66 768 (384 + 384) indexed primers that produce 384 unique dual-indexes or 147,456 (384 x 384) 67 unique combinations. We maintain eight nucleotide indexes, with many that are compatible with 68 Illumina index sequences. We synthesized these indexing primers, purifying them with only 69 standard desalting and placing small aliquots in replicate plates. In qPCR validation tests, 206 of 70 208 primers tested passed (99% success). We then created hundreds of libraries in various 71 scenarios. Our approach reduces start-up and per-sample costs by requiring only one universal 72 adapter that works with indexed PCR primers to uniquely identify samples. Our approach 73 reduces buy-in costs because: 1) relatively few oligonucleotides are needed to produce a large 74 number of indexed libraries; and 2) the large number of possible primers allows researchers to 75 use unique primer sets for different projects, which facilitates pooling of samples during 76 sequencing. Our libraries make use of standard Illumina sequencing primers and index sequence 77 length and are demultiplexed with standard Illumina software, thereby minimizing customization 78 headaches. In subsequent Adapterama papers, we use these same primers with different adapter 79 stubs to construct amplicon and restriction-site associated DNA libraries, but their use can be 80 expanded to any type of library sequenced on Illumina platforms. 81 82 83 Next-generation sequencing (NGS) has transformed the life sciences. The unprecedented amount 85 of sequence data generated by NGS platforms facilitates new approaches, techniques, and 86 discoveries (Ansorge, 2009; Tautz, Ellegren & Weigel, 2010). Reduced costs (Glenn, 2011, 87 2016) are a major component of NGS success because cost reduction enables many studies that 88 were previously infeasible. Although NGS costs per read have dropped tremendously, the 89 minimum cost to obtain any amount of NGS data (i.e., the minimum buy-in cost) remains high, 90 particularly when researchers want to collect small amounts of DNA sequence data from large 91 numbers of individual samples in a single run. These buy-in costs are largely driven by the 92 money required to purchase adapters containing unique identifying sequences that allow tagging 93 and tracking of samples sequenced in multiplex (Box 1). For example, the purchase price for a 94 subset of 96, single-index, TruSeq-equivalent adapters described in Faircloth & Glenn (2012) 95 would require an initial investment of at least $3,161 (US; $11,321 with TruGrade ® purification), 96 and this investment is exclusive of the additional costs to purchase other necessary library 97 preparation reagents and consumables. A second problem for researchers wishing to collect 98 smaller amounts of sequence data from many samples sequenced in multiplex is the relatively 99 limited number of indexed adapters that are available. Although several publications (e.g., Meyer
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Dual indexing on the Illumina platform means that indexes can be used combinatorially 207 (Kircher, Sawyer & Meyer, 2012; Faircloth & Glenn, 2012) . Major advantages of the dual-208 indexing strategy include: 1) the need for fewer oligonucleotides to index the same number of 209 samples in multiplex (e.g., 8 + 12 = 20 primers produce 8 x 12 = 96 unique tag combinations); 2) 210 concomitantly reducing the cost of production, inventory, and quality control (QC) (i.e., it is less 211 expensive to produce, maintain stocks of, and do QC on 20 primers than 96); and 3) the 212 universality of the approach-dual-indexing is compatible with both full-length adapters (e.g.,
213
TruSeqHT libraries) or universal adapter stubs and primers (e.g., Nextera, iNext, or iTru). As 214 noted above, combinatorial indexing is susceptible to index hopping which results in sequences 215 being assigned to the incorrect samples, whereas using unique sequences at multiple index 216 positions (e.g., unique dual-indexes) significantly reduces these problems (Kircher, Sawyer, & 217 Meyer, 2012; Illumina, 2017; Costello et al., 2018) .
219
Illumina-compatible libraries 220 Illumina's libraries have been the industry's gold standard for sequence quality on Illumina methods are in widespread use, but they do have some shortcomings. For example, the MK-2010 237 method: 1) specifies HPLC purification of adapter oligonucleotides, which increases start-up costs dramatically and can lead to contamination from previous oligonucleotides that were purified on the same HPLC columns; 2) relies on hairpin suppression of molecules with identical 240 adapter ends (instead of using a Y-yoke adapter) which is efficient with smaller inserts (e.g.,
241
<200 bp) but loses efficiency with increasing insert length; and 3) relies on blunt-ended ligation, 242 which allows the formation of chimeric inserts. The F-2011 method introduced the idea of "on-243 bead" library preparation, which increases efficiency and reduces costs; thus, many commercial 244 kits have subsequently incorporated similar on-bead library preparation approaches. Limitations 245 of the F-2011 method include use of: 1) custom NEB reagents, not in the standard catalog or 246 available in small quantities; 2) large volumes of enzymes; and 3) Illumina adapters and primers, 247 which increase costs and limit the number of samples that can be pooled.
248
Our approach builds upon many of the previous approaches introduced by Illumina, MK-249 2010, F-2011 , Rohland & Reich (2012 , and others to develop library preparation methods for 250 genomic DNA that overcome many of these limitations. We describe adapters, primers, and 251 library construction methods that produce DNA molecules equivalent to and compatible with 252 Illumina's TruSeqHT libraries (and, separately, Nextera libraries, see File S1; 
Materials & Methods
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Adapter and primer design 261 We modified the Illumina TruSeq system by dividing the adapter components into two parts: 1) a 262 universal Y-yoke adapter "stub" that comprises parts of the Read 1 and Read 2 primer binding We ordered the components of our Y-yoke adapter stubs and iTru primers from IDT, 284 with standard desalting purification only. We modified the adapter stub sequence by 285 phosphorylating the 5' end of iTru_R2_stub_RCp oligonucleotide ( Fig. 1 ; Table 3 ), and we 286 modified each of the iTru primer sequences by adding a phosphorothioate bond (Eckstein, 1985) 287 before the 3' nucleotide of each sequence to inhibit degradation due to the exonuclease activity 288 of proof-reading polymerases (Skerra, 1992) , which are commonly used in library preparation.
289
Following initial small-scale orders, we ordered sets of iTru primers, placing the iTru5 and iTru7 290 primers into every other column (iTru5) or row (iTru7) of 96-well plates, with 0.625 or 1.25 291 nmol aliquots in replicate plates (Files S4-S5). We hydrated newly synthesized primers to 10 µM 292 in the plate and 5 µM prior to use (File S6). Subsequently, we ordered the complete set of 384 293 iTru5 and 384 iTru7 primers in 96-well plates with 1.25 nmol aliquots (Files S4-S5). 296 To determine whether our indexed iTru5 and iTru7 primers were biasing amplification, we 297 selected a subset of iTru7 (n=160) and iTru5 (n=48) primers for qPCR validation. To validate the 298 iTru primers, we prepared a pool of adapter-ligated chicken DNA using an inexpensive, double- we tested all reverse (iTru7) primers with Illumina D501 as the forward primer. We ran all 306 primer tests in duplicate on an Applied Biosystems StepOnePlus (Thermo Fisher Scientific,
295
Validation of iTru primers by quantitative PCR (qPCR)
307
Waltham, MA, USA) using the following conditions: 95ºC for 2 min, then 40 cycles of 95ºC for 308 15 s, and 60ºC for 1 min. Because we needed to run multiple plates of qPCR to test all of the 309 primers, we included the iTru5 set 2 primer A (iTru5_02_A) and the iTru7 set 2 primer 1 310 (iTru7_02_01) on all plates to provide a baseline reference for iTru5 or iTru7 primer 311 performance. We determined the threshold cycle (C T ) using the default settings of the 312
StepOnePlus, we averaged C T values from replicate runs, and we calculated Delta C T for each 313 iTru primer using two approaches. First, we evaluated the relative performance of all iTru5 and 314 iTru7 primers by subtracting the C T of the iTru5 or iTru7 primer being tested from the average 315 C T of all iTru5 or iTru7 primers. Second, we evaluated the performance of all iTru5 and iTru7 316 primers by subtracting the baseline reference C T of iTru5_02_A from the C T of the iTru5 primer 317 being tested and by subtracting the baseline reference C T of iTru7_02_01 from the C T of the 318 iTru7 primer being tested. We expected that unbiased primers would not deviate from the average and/or baseline performance by more than 1.5 PCR cycles (>1.5 C T ), a value that should selection using first 0.55x PEG/NaCl and then an additional 0.16x SpeedBeads which also 359 contains PEG/NaCl. We outline step-by-step methods for this approach in File S9.
361
Sequencing 362 We quantified libraries using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, 363 USA) and KAPA qPCR, checked for index diversity (File S10), and then normalized and pooled 364 all libraries at 10 nM (File S11). We also ensured the quality of library pools by running 1 µL on Larger-scale tests 387 Following initial validation of the iTru primers and the utility of the iTru library preparation 388 approach, we placed the iTru system into an extensive test phase in which we routinely used this 389 approach for library construction within our own labs while we also made all components of the (Fig. S8 ; File S12), suggesting that our DNA ligases and polymerases (exonuclease activity is a common contaminant of ligases and an 518 intrinsic activity of proofreading polymerases), but phosphorothioate linkages add a modest cost 519 to each primer (~$3 USD per phosphorothioate linkage). Phosphorothioate linkages are also 520 chiral, so only 50% of synthetic molecules receive protection per linkage, while the other 50% 521 remain susceptible to nuclease activity (Eckstein, 1985) . Adding a second phosphorothioate bond 522 can reduce the proportion of unprotected molecules by 50% (thus 75% would be protected and 523 25% would remain susceptible). Illumina and other vendors often include three or more 524 phosphorothioate linkages at the 3' end of their oligonucleotides to ensure that a large fraction of 525 the molecules are protected from nuclease activity. We include only a single phosphorothioate 526 linkage in our iTru oligo designs because if we lose the 3' base, we would rather lose the rest of 527 the molecule instead of rescuing the remaining part of it, which may not function appropriately.
528
This strategy also reduces costs associated with synthesizing the oligonucleotides, although 529 others may prefer to incorporate additional phosphorothioate linkages (e.g., two phosphorotioate 530 linkages would lead to 50% fully protected oligonucleotides and 25% that only lose a single 3' 531 base).
533
Who should adopt this method? 534 Today, there is great need to efficiently minimize cost per sample by scaling and increasing 535 multiplexing flexibility, especially with the advent of platforms like the NovaSeq 6000 that can 536 yield up to 3000 Gb in a single run. Researchers who need higher capacity to multiplex their 537 Illumina library preparations or who have not yet invested heavily in any other method will 538 likely find our approach attractive. It has a low cost of entry and significant flexibility (see iNext 554 In addition to the iTru adapters and primers we designed and tested, we have developed a 555 universal adapter stub and sets of primers (iNext; Supplementary File 1 File S15) that can count the indexes within a file of reads that were not assigned to specific 579 samples during demultiplexing (i.e., the undetermined reads from bcl2fastq).
581
Other applications and future modifications 582 It is possible to use the iTru system for a variety purposes beyond what we describe here. For 583 example, we have used the iTru system for making RNAseq libraries using KAPA library kits, as 584 well as NEB Ultra II and Ultra II FS (New England Biolabs, Ipswich, MA, USA). Nearly any 585 approach that yields double-stranded template molecules with a single adenosine can be used 586 with no significant modifications to what we have described. One of the attractive features of our 587 system is that it separates the primers and stubs into more manageable units. In other 588 Adapterama papers, we use these same iTru primers with different adapter stubs to construct libraries. All of these extensions facilitate library preparation, sequencing, and bioinformatic 592 processing of these types of data while also significantly reducing costs.
593
Having separate primers and adapter stubs simplifies and reduces costs associated with 594 modification or swapping out of the universal Y-yoke adapters ( We describe an approach that uses a single universal adapter stub and relatively few PCR Taking advantage of the many available tags also creates opportunities for low-cost experimental 617 optimization attempts. Although the adapters and primers we describe are specific to Illumina, 618 many of the ideas can easily be extended to Ion Torrent, Pacific Biosystems, Oxford Nanopore, 619 and other sequencing platforms (Glenn et al., 2007) . 
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i7 index i5 index All sequences are given in 5' to 3' orientation. To make it clear which portions are constant among all tagged primers, as well as to identify function, the tagged primers are given in three pieces (the invariant 5' end, the tag sequence which varies among primers, and the invariant 3'end), but the primers are obtained as a single contiguous fusion of these three pieces. Complete balanced sets of primers are available as Supplemental Files (4, 15). Adapter stub oligonucleotides must be hydrated and annealed prior to use (Supplemental File 7). 
